Abstract: Iron oxide nanoparticles with unique magnetic properties have a high potential for use in several biomedical, bioengineering and in vivo applications, including tissue repair, magnetic resonance imaging, immunoassay, drug delivery, detoxification of biologic fluids, cell sorting, and hyperthermia. Although various surface modifications are being done for making these nonbiodegradable nanoparticles more biocompatible, their toxic potential is still a major concern. The current in vitro study of the interaction of superparamagnetic iron oxide nanoparticles of mean diameter 30 nm coated with Tween 80 and murine macrophage (J774) cells was undertaken to evaluate the dose-and time-dependent toxic potential, as well as investigate the role of oxidative stress in the toxicity. A 15-30 nm size range of spherical nanoparticles were characterized by transmission electron microscopy and zeta sizer. MTT assay showed .95% viability of cells in lower concentrations (25-200 µg/mL) and up to three hours of exposure, whereas at higher concentrations (300-500 µg/mL) and prolonged (six hours) exposure viability reduced to 55%-65%. Necrosis-apoptosis assay by propidium iodide and Hoechst-33342 staining revealed loss of the majority of the cells by apoptosis. H 2 DCFDDA assay to quantify generation of intracellular reactive oxygen species (ROS) indicated that exposure to a higher concentration of nanoparticles resulted in enhanced ROS generation, leading to cell injury and death. The cell membrane injury induced by nanoparticles studied using the lactate dehydrogenase assay, showed both concentration-and time-dependent damage. Thus, this study concluded that use of a low optimum concentration of superparamagnetic iron oxide nanoparticles is important for avoidance of oxidative stress-induced cell injury and death.
Introduction
The exploitation of magnetic nanoparticles for clinical medicine is an important field in the various areas of therapeutics. 1, 2 Due to unique superparamagnetic and other physical properties of iron nanoparticles, they can be fabricated and modified for various nanomedicine applications. 3, 4 These superparamagnetic iron oxide nanoparticles (SPIONs) are of high interest for in vivo applications, including magnetic resonance imaging (MRI) for medical diagnosis, hyperthermia in cancer therapy, magnetofection, tissue repair, drug delivery, and cellular therapy. In cell biology and stem cell research these nanoparticles can be used for cell labeling, cell sorting, separation, and purification procedures. SPIONs can be fabricated with surface modification to make them more biocompatible. They can be conjugated with suitable ligands to target specific receptors of cancer cells for developing targeted delivery systems. Although they appear to be very promising for in vivo application in imaging and drug delivery, it is important to know the safe upper limit of SPIONs for such use. 26, [32] [33] [34] Although there are few reports available, [26] [27] [28] [29] [30] [31] more elaborate studies are necessary to evaluate concentration-dependent effect of SPIONs on cellular function and toxicity.
Macrophages constitute the central cellular compartment of the reticuloendothelial or mononuclear phagocytic system. They are unique among all other immune cells in that they can enter any tissue and reside there as tissue macrophages, adapting and showing characteristics depending on the tissue they populate. Hence, they are found, eg, as Kupffer cells in the liver, mesangial cells in the kidney, microglial cells in the brain, alveolar macrophages in the lungs, and osteoclasts in bone. Macrophages scavenge for dead cells, as well as any foreign particles, promptly engulfing them. The nature of the material phagocytosed would determine whether the macrophage would become activated or not. Activated macrophages produce inflammatory molecules that signal other cells of the innate and adaptive immune systems about an invasion of the body by some unwanted substance or pathogen that needs to be dealt with. Activated macrophages generate reactive oxygen species (ROS) in a phenomenon called "oxidative burst", which helps in the killing of ingested microbes.
Nanoparticles delivered in vivo by the systemic route or in a local compartment would undoubtedly be intercepted by the mononuclear phagocytic system, because these are foreign bodies to be phagocytosed. 35 In the present study, we wanted to clarify how macrophages react to the presence of SPIONs, ie, whether they get activated or sustain injury from the phagocytosed nanoparticles.
Current in vitro studies have reported the synthesis of Tween 80-coated SPIONs of mean diameter 30 nm. Their interaction with murine macrophage (J774) cells was undertaken to evaluate the dose-and time-dependent toxic potential, as well as to investigate the role of oxidative stress in toxicity.
Materials and methods

Preparation of SPIONs
The SPIONs were prepared in aqueous medium in the following manner. Tween 80 200 µL was added to 10 mL ferrous sulphate solution 3% (w/v) to form a clear solution. Dissolved oxygen was removed by creating a nitrogen atmosphere. Sodium hydroxide 0.1% (w/v) was then added dropwise under a nitrogen atmosphere and ice-cold temperature, until a blue-green precipitate appeared. The solution containing the precipitate was stirred for a further two hours to oxidize ferrous to ferric iron partially. The precipitate was then washed four times with aqueous ammonia to wash off excess Tween 80, and the salt was separated by centrifugation at 15,000 rpm for 30 minutes. The resulting brown-colored precipitate was then heated to approximately 60°C for half an hour under vacuum. A blackish-brown powder was obtained and used for further experimentation.
Determination of particle size and shape
The size and morphology of the nanoparticles were determined by transmission electron microscopy (TEM) in the following manner. One drop of the aqueous dispersion of SPIONs followed by one drop of 1% phosphotungstic acid were then put on a formvar-coated copper grid (1% solution of formvar was prepared in spectroscopic grade chloroform) and then air-dried in a vacuum desiccator. The dried grid was examined under a Philips Morgagni 268 electron microscope in the electron microscopy facility at the All India Institute of Medical Sciences, New Delhi, India.
The Malvern Zetasizer 3000HS, which measures particle size based on photon correlation spectroscopy, was used to determine the size distribution of SPIONs at 25°C. Nanoparticles (1 mg) were dispersed in 2 mL double-distilled water by sonication. Size was measured using a 2.42 refractive index and 0.2 absorbance.
Cell culture
The in vitro study was carried out using the murine macrophage cell line, J774 (American Type Culture Collection, Rockville, MD). Confluent macrophages were subcultured and maintained at 37°C in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO) under a humidified atmosphere (5% CO 2 ). All media were supplemented with 10% fetal calf serum (Hyclone, Logan, UT), and antibiotic (Sigma) containing 50 U/mL of penicillin and 50 mg/mL of streptomycin and actinomycin.
MTT assay
J774 cells were grown in 96-well plates until subconfluent. Tween 80-coated SPIONs were then added to the cells at defined concentrations (25, 100, 200 , 300, 400, and 500 µg/mL) and incubated for three and six hours. After incubation, the media was discarded and 90 µL fresh media was added per well to the cells after thorough washing with sterile phosphate-buffered saline. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Roche Diagnostic,
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Nanoparticle toxicity increased by oxidative stress Mumbai, India) 10 µL reagent (5 mg/mL stock) was then added per well and the plate was incubated for six hours in an incubator. After incubation, the media was discarded from the wells and dimethyl sulfoxide 100 µL was added to solubilize the formazan crystals formed. Readings were then taken in a BioRad enzyme-linked immunosorbent assay reader at 490 nm, with subtraction for plate absorbance at 650 nm. Percentage viability of the cells was calculated as the ratio of mean absorbance of triplicate readings with respect to mean absorbance of control wells:
Cell viability = (I sample /I control ) × 100.
Apoptotic assay
Apoptotic cells were stained with fluorescent dye Hoechst-33342 (Roche) and an apoptotic marker, and counterstained by propidium iodide. Equal number of cells (2 × 10 4 cells/mL) were seeded and the cells were grown on coverslips in six-well and 12-well plates (TPP, Traisadingen, Switzerland) containing serum-free medium until they were subconfluent at 37°C under 95% CO 2 . Cells (2 × 10 4 cells/mL) were incubated with 25, 200, and 500 µg/mL SPIONs for three and six hours, respectively. In the control group, nanoparticles were not added to the cells and were incubated for the same time periods. Before terminating the culture, 500 µL of the culture supernatant was collected from each well for further biochemical assays. The cells were then incubated for 15 minutes with Hoechst-33342 (Roche) at a working dilution of 5 mM and propidium iodide at a final concentration of 50 µg/mL. Hoechst-33342 is a nuclear stain that labels nuclei blue and can be used as an apoptotic marker. 36 Apoptotic cells appear as a strong bright blue color due to the chromatin condensation characteristic of apoptotic cells, while normal healthy cells appear a uniform blue. Hoechst-33342 can enter intact cells without the need for cell membrane permeability, which helps in the identification of early apoptotic cells. Propidium iodide, a dead cell discriminator, was added to discriminate the early apoptotic population from the background of dead cells. Propidium iodide can enter only those cells in which the cell membrane has been damaged, eg, in dead cells or very late apoptotic cells. After staining, cells were washed in phosphate-buffered saline three times for five minutes each, and the coverslips were mounted on slides with 10% glycerol in phosphate-buffered saline. The cells were immediately observed under an upright fluorescent microscope (Eclipse 600; Nikon, Melville, NY) with 488 nm and 350 nm filters, and images were captured using an Olympus DP-71 digital camera (Olympus, Center Valley, PA) mounted on the microscope. Ten different fields were captured at 40×, and subsequently cell counts were taken within the fields to get statistically significant counts for apoptotic cells and viable cells, in each case. Dead cells stained red because of propidium iodide uptake were also counted. The apoptotic cells were quantified as a percentage of the total cell count. Data analysis was performed using Excel (Microsoft Corp., Redmond, WA).
H 2 DCFDDA assay J774 cells (2 × 10 4 cells/mL) were grown on coverslips until subconfluent. Intracellular ROS was measured using a peroxide-sensitive fluorescent probe, carboxy,-2′, 7′-dichlorofluorescein diacetate (H 2 DCFDDA; Invitrogen, Carlsbad, CA). The cells were loaded with 20 µM H 2 DCFDDA for 60 minutes at 37°C. After loading, the cells were thoroughly washed and fresh media was added. The cells were incubated with the SPIONs at 400 µg/mL and 500 µg/mL under standard conditions. After the defined time points, the cells were washed with sterile phosphate-buffered saline and mounted on glycerol phosphate-buffered saline. The cells were observed under a fluorescent microscope (Eclipse 600; Nikon) with a green filter, and the images were captured with a DP-71 digital camera (Olympus). Cells incubated without SPIONs were used as a negative control, and 100 µM H 2 O 2 was used as a positive control.
Lactate dehydrogenase leakage assay
The release of lactate dehydrogenase was monitored by the CytoTox 96 nonradioactive cytotoxicity assay (Promega, Madison, WI). Cells (2 × 10 4 cells/mL) were placed in 24-well plates and incubated with different concentration of SPIONs (25-500 µg/mL) for three and six hours. The plates were centrifuged, and aliquots (50 µL) of cell culture medium were collected from each well and placed in new microtiter plates. Finally, 50 µL of substrate solution was added to each well and the plates incubated for 30 minutes at room temperature. The absorbance at 490 nm was measured with a microplate reader. Each experiment was done in triplicate. Cytotoxicity is expressed relative to the basal lactate dehydrogenase release by untreated control cells.
Cellular uptake of SPIONs
The SPIONs were incubated with J744 cells at 200 and 500 µg/mL concentrations for three and six hours. After incubation, the cells are thoroughly washed with cold phosphatebuffered saline (pH 7.5) and fixed with 2% paraformaldehyde and 1% glutaraldehyde in cacodylate buffer at 4°C for six hours. The cells were osmicated with 1% osmium tetroxide. They were scraped from the culture plate and cell blocks were made in agar. The cell blocks were processed by dehydration, embedded in Epon and polymerized at 60°C. Ultrathin sections were cut from the cell blocks, stained with uranyl acetate and lead citrate, and viewed under an electron microscope (Morgagni 268; Philips, Amsterdam, Netherlands).
Statistical analysis
Statistical analyses were performed using the Student's t-test for unpaired data, and P values , 0.05 were considered statistically significant. Data are presented as means ± standard error of the mean.
Results and discussion
The size and shape of SPIONs prepared in aqueous medium were determined by zeta sizer and TEM. The measurements were done by dispersing the SPIONs in double-distilled water using ultrasonic vibration. From dynamic light scattering data shown in Figure 1 , the mean diameters of SPIONs made in aqueous medium were found to be around 30 nm, with some polydispersity. The TEM image shown in Figure 2 depicts the spherical shape and confirms the size of the particles to be similar to the zeta size results.
The results of the MTT assay demonstrated that cells exposed to SPIONs of mean size 30 nm for three and six hours resulted in time-dependent as well as concentrationdependent cytotoxicity. At 25 µg/mL concentration, the viability of cells at three and six hours was 100% and 95%, respectively. With increasing concentration of SPIONs (25, 100, 200, 300, 400, and 500 µg/mL), the percentage viability was decreased from 100% to approximately 75% in three hours. When the cells were incubated with the same concentration of SPIONs for six hours at 25 and 100 µg/mL, the cell viability was similar to that at three hours. In contrast, at 200 µg/mL and higher concentrations, the viability decreased significantly, ranging from 55% to 65% (Figure 3) .
We tested the potential for SPION-induced oxidative stress by evaluating intracellular ROS with H 2 DCFDDA assay. In this methodology, the cell-permeating nonfluorescent compound is converted to fluorescent dichlorofluorescein when the acetate groups are removed by intracellular esterases and intracellular oxidation. Thus, the generation of ROS is directly proportional to the increase of fluorescent intensity. When J774 cells were exposed to 500 µg/mL SPIONs at two different time points (three and six hours), there was an increase in fluorescence intensity at three hours 
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Nanoparticle toxicity increased by oxidative stress in comparison with control cells (Figure 4) . After six hours, the intensity increased further. This result indicated that oxidative stress induced by SPIONs was time-dependent. The MTT assay supported this finding because incubation with 500 µg/mL SPIONs reduced the viability of cells from 75% at three hours to 60% at six hours. The apoptotic indices of J774 cells following three hours of incubation with 25, 200, and 500 µg/mL of SPIONs were 1.9 ± 0.6, 2.5 ± 1.2, and 26.8 ± 3.5, respectively. Following six hours of incubation with the same concentration of SPIONs, the indices were 2.1 ± 0.8, 25.6 ± 2.5, and 39.4 ± 6.3. The apoptotic indices of control cells at three and six hours were 1.5 ± 0.6 and 1.6 ± 0.5 (Table 1, Figure 5 ) This indicated that increased apoptosis of macrophage cells (J774) induced by SPIONs was time-and concentrationdependent, as observed in the MTT assay. Considering the result of the H 2 DCFDDA assay for intracellular ROS, it appeared that the increased cellular apoptosis was caused by higher oxidative stress.
Lactate dehydrogenase, a stable cytosolic enzyme in normal cells, can leak into the extracellular fluid only after membrane damage. The exposure of J774 cells to SPIONs for three and six hours showed both concentration-and time-dependent toxicity. These nanoparticles were significantly cytotoxic at higher concentrations when incubated for six hours ( Figure 6 ).
To demonstrate cellular uptake of SPIONs by J774 cells, TEM studies were done following incubation at 200 and 500 µg/mL concentrations for three and six hours. The SPIONs could be seen in the cytosol as electron-dense par-A 
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Naqvi et al ticles ( Figure 7 ) at both time points with both concentrations. However, quantification of internalization was not done. The safety of low SPION concentrations has been demonstrated in earlier studies. To study the efficacy of labeling SPIONs to human neural stem cells, HB1F3 cells were incubated separately for 24 hours with four different types of SPIONs at 25 µg/mL (ie, ferumoxides, MION-47, CLIO-NH2, and tat-CLIO). The incorporation of SPIONs did not affect cellular proliferation and viability. 37 SPIONs coated with dextran (Sinerem ® and Endorem ® ) and polyvinyl alcohols did not show cytotoxicity or production of inflammatory mediators when cells were exposed at low concentration (iron 11.3 µg/mL). 38 The uptake of SPIONs by macrophage cells appeared to be via scavenger receptor class A-mediated endocytosis. In the event of systemic use, these particles would be endocytosed by cells of the reticuloendothelial system. 39 There is some evidence that a nanoparticle-induced ROS oxidant stress response might be the major mechanism for induction of various biologic effects. 40, 41 A recent study demonstrated that exposure to iron nanoparticles induced ROS production in human microvascular endothelial cells. 42 At low basal levels, ROS appears to be involved in regulating normal cell functions, but at a higher abnormal level might induce cell injury and death. 43 
Conclusion
SPIONs with a mean size of 30 nm coated with Tween 80 surfactant do not show significant toxicity at concentrations up to 100 µg/mL in murine macrophage (J774) cells with exposure lasting six hours. Toxicity was found to be due to induction of oxidative stress and subsequent apoptosis. An H 2 DCFDDA assay to quantify intracellular ROS generation indicated exposure to a higher concentration of nanoparticles, resulting in enhanced ROS generation, leading to cell injury and death. A necrosis-apoptosis assay using propidium iodide and Hoechst-33342 staining revealed that most cell loss was by apoptosis. Therefore, our study concluded that use of low concentrations of SPIONs might be very important for avoiding oxidative stress-induced cell injury and death. 
